This paper addresses the inter-cell interference (ICI) 
The biggest advantage of the proposed technique is the complete elimination of inter-cell interference by taking use of the signals from other cells, and can achieve the diversity gain via multicell collaborative transmission in both open-loop and closed-loop modes. Thus, the communication quality can be enhanced for the cell-edge users. Moreover, the proposed scheme will not bring any complexity enhancement or communication scheme modification for the UE as well as the base station it originally communications with, when a UE moves from cell center to the cell edge. In addition, feedback overhead will not increase in the proposed scheme compared with traditional closed-loop precoding schemes.
It is worthy to note that the proposed transmission scheme is different from the traditional coordinated multipoint (CoMP) [12] technique where all bases stations communication with the mobile station with closed-loop schemes. In fact, since there is no additional feedback in the open-loop transmission, the feedback overhead is doubly reduced compared with CoMP while maintain comparable performance with CoMP, whereas the feedback overhead increases linearly with the number of base stations in CoMP.
The development and analysis in [11] focused on the single-stream case, which will be reviewed in Section 3 below. In this paper, we extend this work to the multi-stream case which is more challenging. Specifically, we consider collaborative transmission mechanism when multiple data streams are transmitted and devise the transmission and receiving processing schemes in detail at the base stations (BS) and user equipment (UE) respectively.
The remainder of the paper is organized as follows. Section 2 presents the system model for the multi-cell collaborative transmission scenario. Section 3 introduces the proposed collaborative transmission structure and review the single-stream collaborative transmission in [11] . In section 4 we propose the multi-stream collaborative transmission scheme, which is the main contribution of this paper. In addition, section 5 provides the relative simulation results and section 6 concludes the paper.
System model
In this section, the system model for the considered multi-cell environment is presented.
Multi-cell scenario
We consider a downlink of a multi-cell communication system where there are T base stations and K active users. OFDM is used in the system and the frequency reuse factor is 1. We assume each base station is assumed to be equipped with T M transmit antennas and each UE employ R M receive antennas.
In the considered scenario, the UE data is available at all the base stations and the received signal in the UE is the superposition of the signals sent from all the base stations as well. Then the downlink received signal for user k can be expressed as   . Note that we claim that the proposed collaborative transmission scheme in this paper can be used in this general multi-cell scenario. However, in this paper, we will use the simplified system model described in the next subsection merely for the convenience of exposition. 
Two-cell multi-stream collaborative transmission system model

Single-stream collaborative transmission
In multi-cell collaborative transmission, it is necessary for the two base stations to keep synchronization in practice in order to simultaneously serving the cell-edge user, for they are required to transmit the same signal simultaneously to the UE in the same frequency resource. However, this can be tackled easily via backhaul between base stations with rather low additional overhead.
In our transmission structure, we combine both closed-loop and open-loop MIMO technique (as in Figure 1 ), that is, one of the two considered base stations communicate with the cell-edge user using closed-loop MIMO technique (base station A), while the communication link between the other base station and the cell-edge is open-loop (base station B). Specifically, for closed-loop MIMO technique such as precoding the feedback overhead is inevitable, since the precoding matrix indicator (PMI) is required at the transmitter [7] , [13] . On the contrary, open-loop MIMO technique is not dependent on the uplink feedback channel, which includes antenna diversity, such as SFBC and open-loop Spatial Division Multiplexing (SDM) technique.
Specifically, in single layer collaborative transmission structure, the communication technique between the closed-loop base station (base station A) and the cell-edge mobile station is rank 1 precoding, while the open-loop base station (base station B) communicate with the cell-edge mobile station using SFBC, since it is a multi-carrier system
Multi-stream collaborative transmission
For the multiple-streams case, the MIMO mode in the communication between the main BS and the cell-edge user is multiple streams precoding, while the coordinated BS communicates with the celledge user using the open-loop spatial division multiplexing (SDM) which will be discussed in detail below. Assume that L ( 
Processing at the transmitters of the base stations
Generally speaking, the proposed transmission algorithms are in a distributed fashion. In other words, the transmit design in each base station is employed without other cell's channel state information. In particular, in the proposed scheme, CSIT is not available at base station B due to the features of open-loop. There is no backhaul information exchange between the two base stations.
Transmitter at the open-loop base station
The process at the transmitter in base station A is represented in Figure 4 . Concretely, the source information bits are sent to the CRC first. After the operation of CRC, channel coding, rate match and digital modulation sequentially, the obtained complex-valued modulation symbol vector e., the number of streams is smaller than the number of antenna ports, then antenna selection for base station B can be used to select L best antennas from the T M transmit antennas. Alternatively, algorithms combining diversity and spatial multiplexing can be used as well. In this case, one stream can be mapped to one or more antenna ports to achieve some degree of diversity gain. For notational brevity, we denote B  s s. After MIMO process, OFDM modulation and resource element mapping are applied. 
Transmitter at the closed-loop base station
The process at the transmitter in base station A, as in Figure 5 , is almost the same as in the openloop, except for the MIMO process. In base station A, precoding is performed instead of open-loop SDM. Essentially, precoding is a processing technique that exploits channel state information at the transmitter (CSIT) by operating on the signal before transmission. A linear precoder functions as the combination of an input shaper and a multimode beamformer that contains orthogonal beam-directions, each with a defined beam-power. Moreover, information theoretic analysis validates the optimality of linear precoding schemes in exploiting dynamic CSIT [2] , [3] , [7] . On the other hand, note that CSIT must be provided to the precoder by an uplink feedback channel in FDD, which enhance the uplink overhead considerably.
Specifically, at the transmitter of the closed-loop base station, the precoder takes as input the complex-valued modulation symbols A  s sfrom digital modulation after CRC, channel coding, and rate match sequentially, then multiplies the precoding matrix by the complex-valued modulation symbols, and generates a stream of vectors to be mapped onto resources on each of the antenna ports after OFDM modulation and resource element mapping. Moreover, codebook based and non-codebook based precoding (for example, the SVD based precoding) can be used to generate the precoding matrix for the multi-stream collaborative transmission as described below. Here B is the capacity of the rate-limited feedback channel from the UE to base station A. As will be described in Section 4.2, after the codebook selection process in UE, the selected precoding matrix indicator (PMI) is fed back to base station A through an error free feedback channel with limited capacity and zero delay. The used limited feedback scheme can provide base station B with partial information of the downlink channels and ensure a reasonable uplink overhead as well. In the following transmit time slot, the precoder in BS A multiplies the precoding vector selected from the codebook according to the received PMI by the complex-valued modulation symbols. Note that the codebook employed in closed-loop transmission can be unstructured codebook (often termed random codebook), e.g. Grassmannian subspace packing and Lloyd algorithm, or structured codebook, e.g. DFT, Householder or Givens transformation based codebooks which seem more realistic in terms of complexity reduction, scalability and better performances in some scenarios. However, codebook design is out of the scope of this work. b) Non-codebook based precoding When CSIT is available at the base station A, non-codebook based precoding can be employed at the transmitter. Generally speaking, the non-codebook based precoding can achieve better performance than codebook based scheme at the expense of additional feedback overhead. In this work, we employ SVD based precoding since it is convenient for theoretic analysis and is theoretical optimal. In SVD based precoding, the precoding matrix W is chosen to be equal to the right unitary matrix V , i.e.,  W V obtained via SVD of the local channel A H .
where U and V are the left and right singular matrix of A H respectively [14] . According to the principle of SVD, Λ is a diagonal matrix, which is composed of the singular values of A H . The received signals are firstly processed by the OFDM demodulation module. Then the received data and pilots are separated. Next, the pilots are used to estimate the involved channels and then the desired signal constellations can be obtained by MIMO detection. After soft demodulation and channel decoding, the transmitted bits can be recovered at last.
Process at the receiver of the UE
The received signal in the UE is the superposition of the signals sent from base station A and B after passing the channel respectively.
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The detection algorithm can be zero forcing (ZF) or minimum mean square error (MMSE). Specifically, the ZF based receive matrix is 1 ( )
On the other hand, according to the research on traditional MIMO systems, mean square error (MSE) criteria will achieve good tradeoff of link reliability and spectrum efficiency [15] , [16] . We can obtain the MSE of the system as
.
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Then by using the convex optimization method [17] we can get the MMSE receive filter matrix as in (7).
Mathematically, the detected symbol after symbol detection can be obtained as ˆ.  s Gr (8) Note that the achievable sum rate can be calculated from the post-processing SINR as in (9) 
where SINR proposed can be calculated by the sum of the SINR for each data stream after receiver processing. On the other hand, for codebook based precoding in base station A, the estimated channels are used also for codebook selection. Here, we used the MMSE based codebook selection criterion 
Simulation results
In this section, we provide numerical results to evaluate the effectiveness of the proposed collaborative transmission scheme. The system configuration used for simulation are according to the description Section 2 and 2
QPSK constellations are used to modulate the source information bits. All simulation results are averaged over 10000 channel realizations. Moreover, we assume that channel estimation at the receiver is assumed to be ideal, and perfect CSIT of A H is available at base station A as well. Figure 6 depicts the sum rate comparison among the proposed scheme, the local precoding in CoMP technique, the single-cell transmission with inter-cell interference, and the single-cell transmission with MMSE based interferences suppression. It is noted that in local precoding, each base station performs precoding according to its local channel, but do not consider the channel from the other base station to the UE. In particular, for local precoding, both of the two base stations employ SVD based precoding with its local CSIT. From Figure 6 , we can see that the proposed collaborative multi-cell transmission method exhibits superior performance compared with the conventional single-cell transmission schemes, no matter with or without interference suppression. The performance improvement mainly comes from that it takes use of the other-cell interference rather than suffer from it. This result is obvious, since two times of physical resource is used compared to the single-cell transmission, which make sense for celledge users. In addition, we can see from this figure that the proposed scheme with SVD based precoding can achieve analogous sum rate to CoMP, while the feedback overhead is only half of it.
Conclusions
In this paper, we propose an effective solution to deal with the ICI. The proposed scheme employs multi-cell collaborative transmission incorporating both open-loop and closed-loop techniques, where there is no additional feedback overhead brought by the open-loop transmission. It can increase the coverage of the network, enhance the performance of the cell-edge mobile stations and provide users with seamless connectivity. Moreover, the proposed scheme will not bring any complexity enhancement or communication scheme modification for the UE as well as the base station it originally communications with, compared to the traditional single-cell transmission. Numerical results validate the effectiveness of the proposed schemes.
